In this study, the optimal conditions for decolourizing Levafix brilliant blue EB (LB) were determined for both active (actively growing or active) and inactive (inactivated or inactive) Aspergillus oryzae. The adsorption capacity of active and inactive A. oryzae was compared using adsorption isotherm models. Our equilibrium data fitted well to Langmuir model. Under optimal conditions, the maximum monolayer LB adsorption capacities of active and inactive A. oryzae were 61 and 66 mg/g, respectively. The longevity of this decolourization activity under optimal conditions was investigated in repeated mode by adding 250 mg/ of dye in five dosages (50 mg/ each) in the growth medium of A. oryzae. LB decolourization efficiency of the fungus remained high after 5 days operation. Desorption of LB was achieved using 0.1 M NaOH. The experimental results demonstrated that the A. oryzae pellets could effectively be used as a sorbent for removing textile dyes.
INTRODUCTION
Dyes are extensively used in the paper, textile, leather, dye house, pharmaceutical, food, cosmetics, and printing industries. These dyes are primarily of synthetic origin and have complex aromatic structures, which make them biochemically stable (Akkaya 2005) . Furthermore, their presence in aquatic systems, even at low concentrations, is highly visible, reduces light penetration and has a derogatory effect on photosynthesis (Champagne and Ramsay 2010) .
Consequently, decolourization of textile dye effluent is becoming an obligation for both environment and water re-use. The high cost involved in using activated carbon for decolourizing textile dye has stimulated interest in examining the feasibility of using cheaper adsorbents. These may include agricultural residues (Tunç et al. 2009 ), pine sawdust (Ozacar and Sengil 2005) , spent cottonseed hull substrate (Qi et al. 2011) , active fungal biomass (Kaushik and Malik 2010) and inactive fungal biomass (Aksu and Balibek 2010) or fungal enzymes isolated from fungi, especially from white rot fungi (Erkurt et al. 2010; Zeng et al. 2011) . Kaushik and Malik (2009) investigated fungal decolourization by two processes: biosorption and bioaccumulation.
In this study, Aspergillus oryzae was used as a biosorbent, because it is easy to grow and does not require extra growth factors. The fungus also has higher growth rates than white rot fungi. The study is aimed at investigating the uptake of Levafix brilliant blue EB (LB) by both actively growing and inactivated A. oryzae cells under different incubation conditions. We used adsorption isotherm models to compare dye uptake data of actively growing and inactive A. oryzae.
MATERIALS AND METHODS

Preparation of Materials for Batch Studies
Preparation of spore suspension
Stock spore solutions of A. oryzae were prepared using Sabouraud's dextrose agar (SDA) slants, which were stored at 4 °C in a refrigerator. Spores were harvested using a mixture of NaCl (0.9%) and Tween-80 (1%) solutions and filtered with fibreglass. Stock spore suspension was directly used in decolourization studies, for pellet formation or for the preparation of stock-inactivated microorganism suspension.
Preparation of mycelium pellets
All the batch cultures were grown in 250-m cotton-plugged Erlenmeyer flasks containing 100 m of growth medium that comprised the following: glucose: 10 g l −1 ; KH 2 PO 4 : 1 g l −1 ; NH 4 H 2 PO 4 : 1 g l −1 ; MgSO 4 . 7H 2 O: 0.5 g l −1 ; CaCl 2 : 0.1 g l −1 . The pH for the entire experimental period was 5. Medium pH was adjusted using 1 M NaOH and saturated HCl. First, the growth medium was autoclave sterilized (at 121 °C in 1.2 atm for 15 min). Second, the flasks were inoculated with the fungal spores. Finally, the density of the spore suspension was adjusted to give an absorbance of 1.025 at 650 nm, which corresponds to about 5 × 10 7 spores/m and the flasks are incubated in a rotary platform shaking incubator at 150 rpm at 30 °C.
Preparation of inactive biomass
About 4-day-old mycelial pellets were filtered from growth medium and washed with distilled water. Cells were inactivated in an oven at 105 °C for 24 h. A 10-g/ stock-inactivated microorganism suspension was prepared in distilled water using a blender.
Preparation of dye solutions
The molecular structure of LB is given in Figure 1 . About 1 g/ stock dye solution was prepared and autoclave sterilized for decolourization studies with active A. oryzae. Two different concentrations (25 and 200 mg/ ) were prepared by diluting the stock solution. The pH of each solution was adjusted to the required value with concentrated and diluted H 2 SO 4 and NaOH solutions before mixing the biomass suspension.
Batch Studies
A series of batch experiments was conducted to explore the effects of various factors such as the pH, temperature, quantity of adsorbent, initial dye concentration of adsorbate on the adsorption process. Experiments with both active and inactive A. oryzae were conducted in 250-m Erlenmeyer flasks containing 100 m of growth medium (total volume). Stock LB solution and growth medium were separately autoclaved for batch studies with active cells. Pre-sterilized LB solution was added to the growth medium in order to obtain the desired concentration. Once inoculation is completed, the flasks were agitated on a shaker at 150 rpm. Aliquots of the spent growth medium were withdrawn at 12-h time intervals to measure residual dye concentration in the solution and the fungal growth. Samples were centrifuged at 6000 rpm for 5 min and the dye concentration in supernatant liquid was analyzed using a spectrophotometer. Decolourization of LB was determined as a relative decrease of absorbance at its absorbance maxima (598 nm). The decolourization efficiency of the fungus was calculated using equation (1): (1) where C 0 is the initial dye concentration and C t is the dye concentration measured at different periods of the experiment.
The dry weight of pellets was obtained by filtering cultures through filter paper and drying at 65 °C. Results are the mean of at least three replicates. The amount of dye adsorbed per unit mass of adsorbent at equilibrium was calculated using equation (2): (2) where Q e (mg/g) is the adsorption capacity at equilibrium, C 0 and C e represent the initial and equilibrium concentrations of the dye solution (mg/ ), V is the volume of solution (l) and m is the mass of adsorbent used (g).
Repeated Batch Experiments
Mycelium pellets were cultured for 96 h in a dye-free culture medium for repeated experiments. After cultivation, dye was added into the medium at a concentration of 50 ± 4 mg/ from sterilized stock dye solution. Samples were taken immediately after dye addition to determine initial dye concentration and after the 24-h incubation period to determine the dye concentration that remained in medium. Dye addition was repeated five times at 24-h intervals.
Decolourization efficiency of fungus in repeated experiments was calculated using equation (3):
where C 0 is the initial dye concentration at the beginning of each cycle and C t is the dye concentration determined after the 24-h incubation period.
Desorption Studies
The active adsorbent that was used for the adsorption of 50 mg/ of dye solution and the inactive adsorbent that was used for the adsorption of 100 mg/ of dye solution were separated from the solution by centrifugation. In order to remove the unbounded dye, adsorbents were washed three times and separated from the solution by centrifugation. Some of the active biomass was broken down by homogenizer before performing desorption studies. Active and inactive biomass were agitated for 48 and 1 h, respectively, with different concentrations (25%, 50% and 100%) of acetone, methanol, ethanol chloroform, and NaOH (0.025, 0.05, 0.1 and 0.5 N) and 0.1 N HCl and with distilled water at 150 rpm. After desorption, the initial volume was established by adding distilled water. The desorbed dye concentration was estimated spectrophotometrically. Studies were carried out under sterilized conditions when active cells were used. Desorption efficiency was calculated using equation (4): (4) where C ad is the adsorbed dye concentration and C des is the desorbed dye concentration.
Adsorption Isotherms
Batch sorption experiments with active and inactive A. oryzae were carried out at 30 °C with initial dye concentrations ranging from 25 to 210 mg/ . The systems were agitated at 150 rpm for 48 h at pH 5 and for 2 h at pH 2 for active and inactive A. oryzae, respectively. Equilibrium relationships between sorbent and sorbate are described by sorption isotherms, which is usually the ratio of the quantity sorbed to that remaining in the solution at equilibrium. Langmuir and Freundlich isotherm models were employed for fitting the experimental data. Langmuir and Freundlich isotherm can be expressed by equations (5) and (6) (Ho et al. 2005) ( 5) where q eq is the amount of dye adsorbed at equilibrium, C eq is the equilibrium concentration of dye solution, b is the equilibrium constant and Q 0 is the maximum adsorption capacity.
where K F is the adsorption capacity at unit concentration and 1/n is the adsorption intensity.
RESULTS AND DISCUSSION
Optimization of Culture Conditions
The removal of LB dye by active and inactive A. oryzae was investigated as a function of initial pH, the initial dye concentration, temperature and shaking rate. Results were given in q (mg/g) and q eq (mg/g), which represent dye amount removed per unit mass of fungus at any time t and equilibrium, respectively; C eq (mg/ ) is the remaining dye concentrations in solution at equilibrium or C ad/eq is the adsorbed dye concentration at equilibrium.
pH
The optimal pH for decolourization with active cells was 5. It is at this pH the maximum fungal growth was observed. The optimal pH for decolourization with inactive cells was 2 ( Figure 2 ). Under these conditions adsorbed dye concentrations at equilibrium with active and inactive biomass were approximately 52 and 59 mg/ , respectively. When using active biomass, maximum LB decolourization efficiencies were observed in media where maximum biomass formation is observed (pH 5 and 30 °C). Organic acids produced as metabolites of fungal growth cause a decrease in medium pH. Decrease in medium pH below 3 increases decolourization efficiency. Isoelectric point of the fungal biomass is near pH 4. When the pH of the medium decreases below the isoelectric point of fungal biomass, it becomes positively charged. An electrostatic interaction between the positively charged fungal biomass and the negatively charged dye anions causes decolourization. In addition to this, it was determined that the initial pH of the medium is an important parameter for the type of biomass formation (pellet formation). If the initial pH is 3, biomass amount was less than other media and therefore filamentous growth was dominant (dispersed growth). Decolourization efficiency was directly proportional to the biomass amount, which was measured as the dry mycelium weight (DMW). If the initial pH is 4 or 5, compact pellets were observed. But if the initial pH is 6, mycelial form and mycelial pellets were seen together. In these media because of higher DMW values decolourization efficiency was higher.
Adsorption by Active and Inactive Aspergillus oryzae 321
Initial pH is an important factor affecting sorption capacity of fungus and also the solubility and structure of some dyes (Aksu and Balibek 2010). It was found out that biosorption capacity of inactive biomass decreases by increasing the pH of the medium. Negatively charged sulphonate anions that are formed by the ionization of sodium sulphonate groups of dye electrostatically interact with biomass surface that is positively charged at lower pH values (Ozer et al. 2006) . Therefore, both dye net charge and biosorbent net charge are changed by changing the pH of the medium (Kumar et al. 2006) . Acidic reactive dyes are removed at lower pH values and basic reactive dyes are removed at higher pH values (Kumar et al. 2006) . At lower pH, negatively charged dye anions interact with positively charged cations, thereby increasing decolourization efficiency. Negatively charged sides of biomass increases when pH of the medium increases, which electrostatically compels dye anions, thereby decreasing adsorption efficiency (Ozer et al. 2006) .
Temperature
Because A. oryzae is a mesophilic microorganism, growing it requires moderate temperature. We observed maximum growth and maximum decolourization efficiency when the active cells were grown at 30 °C. As microbial growth was very limited, decolourization efficiency decreased at 40 °C (Figure 3 ). Previous studies show that maximum decolourization efficiency was observed at optimal growth temperatures if decolourization depends on microbial growth or metabolism (Dong et al. 2001) . Adsorbed dye concentration on inactive biomass was not affected by temperature between 30 and 45 °C but it decreased below 30 °C. However, LB decolourization was achieved in a wide range of temperature spectra when inactive biomass was used (Figure 3 ). This indicates that the structure of biosorbent does not change at higher temperatures.
Some studies also concluded that changes in temperature do not affect adsorption capacity (Kahraman et al. 2005) . If diffusion is the rate-limiting step in adsorption, sorption rate increases as ion diffusion increases with increasing temperature (Benguella and Benaissa 1999). Results of this study indicate that diffusion of dye ions is not the rate-limiting step of biosorption.
Initial dye concentration
The maximum LB concentration that can be tolerated by A. oryzae was tested using different dye concentrations (25 and 200 mg/ ) for both active and inactive biomass. Removed dye concentration increases with time and the time taken to reach equilibrium increases by increasing dye concentrations.
Because of the toxic effects of Levafix blue on growing cells, decolourization efficiency decreases and the incubation time required to reach equilibrium increases by increasing dye concentration. Therefore, the 96 th h adsorption data where adsorbed dye concentration reached equilibrium for all dye concentrations were taken. In addition to this, as LB concentration increases up to 100 mg/ , biosorption capacity increases; but at higher concentrations, the rate of increase in biosorption capacity is reduced because of the saturation of the adsorption sites. In previous studies, similar effects of higher dye concentrations were highlighted (Aksu and Donmez 2005; Lucas et al. 2006) .
Adsorption capacity of active biomass was higher than inactive biomass (Figure 4) , because biomass amount increases with time when growing cells were used. Therefore, the number of adsorption sides increases as biomass builds up. However, biosorbent amount (1 g/ ) did not change during the incubation period when inactive cells were used. Biosorption capacity of inactive biomass increases as initial dye concentration increases up to 80 mg/ but at higher concentrations, dye adsorption capacity of inactive biomass does not change significantly. This could be explained by the saturation of adsorption sides and the equilibrium between adsorbed dye molecules and dye molecules in solution. This shows that adsorption sides of biosorbent are the rate-limiting factors in adsorption. Decolourization efficiency decreases by increasing dye concentration because the number of active biosorbent sides per dye molecule is higher at low dye concentrations, and this ratio can be deceased by increasing dye concentration.
Other studies carried out using different dyes and different biosorbents also indicate that the decolourization efficiency decreases and biosorption capacity increases by increasing dye concentration (Ertugrul et al. 2009 ; Aksu and Balibek 2010).
Shaking rate
The optimum shaking rate was found to be 150 rpm when growing and inactive biomass were used ( Figure 5 ). Decolourization efficiency decreases by decreasing shaking rate because of oxygen leakage obligatory for pellet formation. Decrease in biosorption efficiency at higher shaking rates shows that the most appropriate contact between solid and liquid phases occurs at moderate shaking rates (Dong et al. 2001) , while transfer of nutrition and oxygen were suppressed at higher shaking rates. Appropriate shaking rate for batch biosorption processes should be found and used to overcome external mass transfer resistance (Aksu 2005). Dye adsorption capacity of biomass increases by increasing shaking rate because the layer surrounding biomass particulates and consequently the external mass transfer resistance is decreased (Chu and Chen 2002). Shaking rate is not an important factor when external mass transfer step is not the rate-defining step in biosorption (Akkaya 2005) . The most widely used isotherm equation for modelling equilibrium is the Langmuir equation, based on the assumption that there is a finite number of binding sites which are homogeneously distributed over the adsorbent surface. These binding sites have the same affinity for adsorption of a single molecular layer and there is no interaction between adsorbed molecules. Slope and intercept of the graph of 1/C eq versus 1/q eq are used to calculate the maximum adsorption capacity of adsorbent (Q 0 ) and the adsorption constant (b), respectively. The well-known Freundlich isotherm used for isothermal adsorption is a special case for heterogeneous surface energy in which the energy term in the Langmuir equation varies as a function of surface coverage strictly due to variation of the sorption where K F is roughly an indicator of the adsorption capacity and 1/n is the adsorption intensity. K F and 1/n can be determined from the linear plot of ln(q eq ) versus ln(C eq ).
Comparing Equilibrium Data of Active and Inactive
The nature of adsorption results in a monolayer because Q 0 > q d . As the regression coefficient is close to 1 for Langmuir isotherm model, the adsorption equilibrium was well described by the Langmuir isotherm model with maximum adsorption capacity of 61.35 and 66.23 mg/g for active biomass and inactive biomass, respectively. Adsorption capacity of inactive microorganism is found to be higher than active microorganism. Higher Langmuir isotherm constant of active microorganism shows that active cells are more sensitive to changes in temperature.
Free Energy Change
Standard free energy (∆G) is a parameter that determines the characteristics of adsorption process. The relationship between the Gibbs free energy change and equilibrium constant can be seen in equation (7):
where R is universal gas constant (8.314 J/mo K), T is absolute temperature (K), K c is equilibrium constant and can be defined as the ratio of the adsorbed dye concentration to equilibrium concentration in the fluid (Aksu and Cagatay 2006).
∆G 0 values calculated for active A. oryzae between 25 and 35 °C (298-308 K) and inactive A. oryzae between 20 and 40 °C (293-313 K) for LB decolourization are given in Table 2 . For active A. oryzae free energy change was not calculated at 20 and 40 °C as microbial growth was inhibited at this temperature. 
Desorption Studies
Desorption studies are important to determine the bonding characteristics. In addition to this, regeneration is one of the most important features of biosorbent mechanism (Akkaya 2005) . Some organic solvents such as methanol and ethanol and surfactants such as Tween-80 or NaOH could be used for regenerating the biomass (Akkaya 2005; Kaushik and Malik 2009 ).
Dye-adsorbed active A. oryzae pellets were segregated into parts and some were disrupted by homogenizer. Homogenized and non-homogenized pellets were treated with 0.1 N HCl, different concentrations of organic solvents and different concentrations of NaOH were used to investigate the desorption of dye from active biomass.
Maximum desorption efficiency was 40% by organic solvents, but it was 50% by methanol when homogenized pellets were used. The highest desorption efficiency (88.90%) was obtained using 0.025 N NaOH and homogenized pellets (Figure 7) . Detection of all the dyes removed by the Cunninghamella polymorpha cells in solution after cell disruption and desorption indicates that the dye was sorbed on to the fungal cell, but did not degrade in the cell (Sugimori et al. 1999) . After completing decolourization studies, adsorbed dye could be desorbed from fungal biomass if the primary mechanism of decolourization is adsorption (Sugimori et al. 1999) . However, if dye molecules were enzymatically degraded, they could not be detected in the solution after desorption studies because the structure of chromophore changes (Yesilada et al. 2003) . It was also indicated that ions could be desorbed from cell surface after adsorption, but not after bioaccumulation. Regeneration of biosorbent by desorption is important for practical applications of the biosorption technique (Kadukova and Vircikova 2005) .
Amino, carboxyl phosphate and lipid fractions of cells are important in dye biosorption. Improving desorption using organic solvents, acids or bases indicates physical adsorption; otherwise, chemical adsorption is said to be the principal mechanism (Mohan et al. 2002) .
Maximum desorption efficiency (97.31%) was obtained when 0.025 N NaOH solution was used with inactive biomass. Higher concentrations of NaOH were found to be disadvantageous (Figure 7) .
When using NaOH the medium pH was increased, and therefore, negative charges on the adsorbent also increase. Electrostatic repulsion forces between negative charges of adsorbent and anionic dye molecules cause desorption of dye molecules from the adsorbent (Rachna and Sumathi 2008) . Sodium hydroxide was suggested to recover phenols from fungal biomass (Kumar et al. 2009 ).
Investigation of the Effect of Adsorption in Decolourization of LB with Active and Inactive Fungus
Biosorption, bioaccumulation or enzymatic degradation might be the mechanism of decolourization when active cells are used. Decolourization mechanism was thought to be an adsorption and/or accumulation technique, as macroscopic and microscopic examination of pellets revealed that they were coloured (Sugimori et al. 1999) . Two consecutive processes (biological adsorption and biological degradation) are under consideration if the biomass is coloured during decolourization and becomes colourless afterward (Lucas et al. 2006) . Colour of the decolourization media could change because of the changes in dye structure if enzymatic degradation of dye molecule occurs (Santos et al. 2004) . Aksu and Donmez (2005) reported that bioaccumulation of dyes is parallel to cell growth and bioaccumulation reaches its maxima at the end of microbial growth. The enzymes lignin peroxidase, manganese-dependent peroxidase and laccase could only be synthesized under carbon-or nitrogen-limited media (Tatarko and Bumpus 1998) . In this study, macroscopic observations (pellets were blue), growth phase of microorganism during decolourization (decolourization occurs during the logarithmic growth phase of the fungus) and carbon and nitrogen amounts in the decolourization media (decolourization efficiency decreases as the carbon and nitrogen amounts in decolourization media decrease) showed that the principal mechanism in decolourization is not enzymatic degradation but might be bioaccumulation or biosorption. Decolourization capacity of active cells is higher than inactive cells if adsorption is followed by enzymatic degradation (Wang and Yu 1998). In our study, the principal mechanism in decolourization was thought to be adsorption, and LB is bonding to the active sides of A. oryzae cells because the Q 0 values of active and inactive biomass are approximately the same. Dye ions could be desorbed from cell surface after biosorption but could not be desorbed after biodegradation (Yesilada et al. 2003) or after bioaccumulation using organic solvents, acids or bases (Kadukova and Vircikova 2005) . Decolourization of LB with inactive A. oryzae was performed at 30 °C and 97.31% of the adsorbed dye was desorbed using 0.025 N NaOH solution. Physical adsorption reactions are generally exothermic and adsorption efficiency is higher at lower temperatures (Ozer et al. 2006) . According to our findings and literature, physical adsorption plays a great role in biosorption of LB by both active and inactive fungus.
Repeated Batch Experiments for Decolourization of LB
Five-graded repeated experiments were carried out by adding 50 ± 4 mg/ LB at 24-h intervals to the media where pellets were cultured for 96 h. Initial dye concentration of each stage and the concentration that remained 24 h after each dye addition were determined (Figure 8 ). During the last stage, LB decolourization efficiency was still high (81.76%). The total LB concentration 328 H.A. Erkurt et al./Adsorption Science & Technology Vol. 30 No. 4 2012 added to the medium at five stages was found to be 246.15 mg/ . The total LB concentration biosorbed by A. oryzae was found to be 235 mg/ . And the overall LB decolourization efficiency was calculated as 95.47%. Repeated experiments showed that A. oryzae can gradually remove very high concentrations of textile dyes added to the medium. High concentrations of dyes added to the medium at once may cause inhibition of metabolic activities, reduction in specific growth rate, reduction in biomass amount and reduction in adsorption sites. By graded addition of textile dyes to the medium, the fungus overcomes the toxic effects of textile dyes. Inhibition effects of high dye concentrations on microbial metabolism and decolourization efficiency are emphasized in literature (Yesilada et al. 2003; Lucas et al. 2006) 
CONCLUSIONS
LB was decolourized with active and inactive A. oryzae. Using regenerable adsorbents, the ecotoxic dyes could be concentrated and sludge formation, which is the disadvantage of biological decolourization, could be minimized. Waste toxicity and nutrient necessity problems are eliminated using inactive biomass. In addition to this, using inactive biomass is important when the medium conditions are not suitable for microbial population growth. Although the main decolourization mechanism is adsorption, biodegradation could also take place when active cells were used. So, when active cells are used, there would be a need for toxicological test. It is advantageous to use active biomass when the application of pre-treatment methods such as biomass formation, separation, drying, processing (grinding or digesting) is not easy.
Another important outcome of this study is that high concentration of dye could be removed by repeated batch mode and microorganisms could deal with the toxic effects of high dye concentrations. So, this method could be a cheaper alternative over activated carbon method that has high adsorption capacity but also high cost.
